Some studies have suggested that disorders in the peripheral and central metabolism of serotonin (5-HT) and noradrenaline may play a role in the pathophysiology
INTRODUCTION
Autism is a pervasive developmental disorder. The core symptoms and diagnostic criteria according to the DSM-III-R and DSM-IV (American Psychiatric Association 1987 ) are a qualitative impairment in social interaction and language and restricted repetitive and stereotyped patterns of behaviour, interest, and activities. The condition is highly prevalent (5-15 per 10.000) and is four times more common in boys than in girls. Research on the biological pathophysiology of autism has found some evidence for a role of the turnover of serotonin (5-HT) and catecholamines.
Serotonin (5-HT)
Blood concentrations of serotonin (5-HT) are increased in a subgroup of autistic children (Schain and Freedman 1996; Cook and Leventhal 1996) . McBride et al. (1998) found that the autistic group showed a modest (15%) elevation in whole blood 5-HT which might have proved statistically significant in a larger study group. However, expressed as platelet volume, the mean 5-HT values for the post-pubertal autistic group was slightly lower than that for the control group, suggesting that hyperserotonemia is more prevalent in prepubertal than post-pubertal autistic individuals. Hanley et al. (1977) found that about one-half of the children who are not autistic but severely retarded show hyperserotonemia.
The discrepancy between the McBride et al. (1998) and the Hanley et al. (1977) studies might be explained by the lack of well-established exclusion criteria for autism in the mentally retarded subjects when subjects were seen in the 1960's. Selective 5-HT reuptake inhibitors (SSRIs), have beneficial effects in the treatment of some individuals with autism (McDougle et al. 1996a ). Tryptophan depletion techniques result in a significant increase in autistic behaviours (McDougle et al. 1996b) . PET-scan studies revealed decreased 5-HT synthesis in frontal cortex and thalamus, but elevated 5-HT synthesis in the contra-lateral dentate nucleus (Chugani et al. 1997) .
The normal developmental process, that humans undergo a period of high brain 5-HT synthesis capacity until the age of 5 years, may be disrupted in autistic children (Chugani et al. 1999) . There is some preliminary evidence of linkage and association between the 5-HT transporter gene and autistic behavior. There are, however, discrepancies between the work of Cook et al. (1997) and Klauck et al. (1997) who found an association to the long rather than the short allele of the 5-HT transporter gene in autistic subjects. It has remained elusive, however, whether platelet paroxetine binding characteristics are altered in autism (Cook et al. 1993) .
Findings concerning tryptophan, the precursor of 5-HT, the competing amino acids, and the ratio of tryptophan to amino acids known to compete for the same cerebral uptake site (competing amino acids, CAA), have been inconsistent (Johnson et al. 1974; Jackson and Garrod 1978; Perry et al. 1978; Winsberg et al. 1980; Hamberger et al. 1982; Hoshino et al. 1986; Minderaa et al. 1989; Visconti et al. 1994; D'Eufemia et al. 1995; McDougle et al. 1996a ). Total plasma tryptophan, as well as the tryptophan/CAA ratio, are indicators for the availability of tryptophan to the brain (Fernstrom 1984) and, hence, for 5-HT synthesis in the brain (Moir and Eccleston 1968) .
Catecholamines
Patients with autism show higher plasma norepinephrine (NE) concentrations than normal controls (Lake et al. 1977; Launay et al. 1987; Cook et al. 1990; Leventhal et al. 1990; Leboyer et al. 1992 ). This elevation was not observed by Minderaa et al. (1994) . Urinary NE and 3-methoxy-4-hydroxyphenyl glycol (MHPG), the major NE metabolite, have been inconsistent and inconclusive (Young et al. 1978; Launay et al. 1987; Barthelemy et al. 1988; Martineau et al. 1992; Minderaa et al. 1994) . A significantly higher homovanillylc acid (HVA)/MHPG ratio was found in the CSF of autistic subjects, suggesting an imbalance between the dopaminergic and noradrenergic systems (Gillberg and Svennerholm 1987) . Findings concerning serum dopamine-␤ -hydroxylase have been inconsistent and inconclusive (Lake et al. 1977; Young et al. 1978; Garnier et al. 1986 ). However, to the best of our knowledge, no research on autism has demonstrated significant alterations in platelet [ 3 H]-rauwolscine binding characteristics. Serum tyrosine, the precursor of NE, was elevated in autistic patients with neurological signs but not in those without (Visconti et al. 1994) . There is evidence that the synthesis of brain NE is determined, in part, by brain tyrosine concentrations, which are reflected in the serum by the molar ratio of tyrosine to the competing amino acids tryptophan, phenylalanine, leucine, isoleucine, and valine (for review see Moller 1986; Salter and Pogson 1987; Voog and Eriksson 1992) .
The aims of the present study were to examine whether autism is accompanied by: 1) alterations in serotonergic functions such as lowered platelet [
SUBJECTS AND METHODS

Subjects
Twenty-six male subjects, aged between 12 and 18 y, participated in the present study. All subjects passed the onset of puberty (Tanner-stage II-IV ) and were Caucasian. One subject in the pathology group had a mild mental retardation (I.Q. between 55 and 60), all other subjects showed a borderline intellectual func-tioning (I.Q. between 71 and 84) or normal intellectual functioning (I.Q. between 85 and 120). We did not perform a standard cognitive assessment prior to the blood/urine collections, since all subjects underwent neuropsychological and I.Q. tests during the years preceding the study. We employed the DSM-IV criteria to make the diagnosis of autism. The diagnosis was made on the basis of a consensus between, at least three clinicians (psychiatrists and psychologists), working with the autistic subjects in residential, semi-residential, or day-care centers. All subjects presented the three core autistic features without aggressive, impulsive, or hyperkinetic behaviours.
Normal volunteers and Autistic patients had a normal hematologic screening. Exclusion criteria for autistic patients and healthy volunteers were: subjects suffering from a neurological, inflammatory, endocrine, or clinically significant chronic disease; immunocompromized subjects; subjects receiving psychoactive drugs or drugs with known or potential interaction with serum amino-acids, 5-HT and ␣ 2-ARs, and immune and endocrine functions; and subjects with an active seizure disorder. The autistic subjects underwent a genetic investigation during the years preceding the study and were excluded when positive for tuberous sclerosis, FRAXA, or other chromosomal disorders. All healthy volunteers had a negative past, present, or family history for psychiatric disorders. None was a regular drinker and none had ever been taking psychotropic drugs. All were free of any medications and substance abuse for at least one month. This was checked by a drug-screening test of the urine.
Methods
All subjects received a VMA-free diet during the 24-hours preceding the onset of blood-and urine collections. Subjects were kept at rest during the urine collections. Urine was kept at Ϫ 3 Њ C in dark bottles. After completing the collection, urine samples were frozen at Ϫ 75 Њ C until thawed for assay. One day after the urine collection, blood was drawn at 7:45 a.m. ( Ϯ 15 min) after an overnight fast for the assays of serum amino acids, 5-HT and platelet [ Maes et al. 1995) , all samples were collected over two days in the same week (last week of September 1997). All assays were done blind to the subject's status. Serum and plasma samples for the various assays were kept at Ϫ 75 Њ C until thawed for assay.
In order to minimize the analytical variability, all blood specimens for the assays of the above parameters in autistic patients and healthy volunteers were assayed in a single run with a single lot number of reagents and consumables employed by a single operator (Maes et al. 1994 ). HPLC (BIORAD; Eke, Nazareth, Belgium) was employed to measure tryptophan, tyrosine, and the amino acids known to compete with the same cerebral transport system, i.e., valine, leucine, phenylalanine, and isoleucine (Turnell and Cooper 1982; Maes et al. 1996) , 5-HT, 5-HIAA, and the catecholamines. The intra-assay CV values obtained in our laboratory were: tryptophan 3.3%; tyrosine 3.8%; valine 3.0%; phenylalanine 3.2%; isoleucine 3.4%; and leucine 3.7%. The tryptophan/valine ϩ leucine ϩ isoleucine ϩ tyrosine ϩ phenylalanine (CAA1) and the tyrosine/valine ϩ leucine ϩ isoleucine ϩ tryptophan ϩ phenylalanine (CAA2) ratios were computed and multiplied by 100. The intra-assay CV value for 5-HT was 6.0% and for the all assays in urine Ͻ 10%.
Platelet [ defined as radioactivity displaced by 10 mM Idazoxan. Specific binding was 80-90%. The solution was incubated for 60 min at 25 Њ C. The samples were rapidly filtered through Whatman GF/B glass fiber filters under vacuum and rinsed twice with 4 ml ice-cold buffer E (TRIS 50 mM, pH 7.4). Filters were placed in vials with 2 ml scintillation-cocktail (Packard Ultima-Gold). Radio-activity was counted after 16 h in a Packard 460 scintillation counter. Data were analyzed using computerized curve fitting, i.e., LIGAND. 
Statistics
The independence between classification systems was checked with the analysis of contingence tables ( 2 test). Group mean differences were checked by means of analysis of variance (ANOVA) or analysis of covariance (ANCOVA). The latter was employed to adjust for possible age effects by entering age as a covariate in the regression analyses. Relationships between variables were assessed with Pearson's product-moment correlation coefficients and through regression analyses. Normality of distribution was assessed with the Kolmogorov-Smirnov test. Transformations were used to reach normality of distribution or to adjust for heterogeneity of variance between study groups.
RESULTS
Demographic Data
There were no significant differences in age (F ϭ 0.89, df ϭ 1/24, p ϭ .6 ) between patients with autism (mean age ϭ 14.5 Ϯ 1.8 years) and healthy volunteers (mean age ϭ 15.1 Ϯ 1.5 years). There were no significant correlations between age and tyrosine (r ϭ 0.27, p ϭ .2), tyrosine/CAA2 ratio (r ϭ 0.06, p ϭ .8) 5) , and platelet rich plasma (r ϭ 0.01, p ϭ .9); and NE in 24-hour urine (r ϭ Ϫ0.16, p ϭ .5). There was a significant and positive correlation between age and serum tryptophan (r ϭ 0.48, p ϭ .01) and 5-HIAA in 24-hour urine (r ϭ 0.50, p ϭ .008). There was a trend toward a positive correlation between age and the tryptophan/CAA1 ratio (r ϭ 0.38, p ϭ .054) (all results of intra-class correlations, pooled over the study groups of normal controls and autistic patients). In order to adjust for possible effects of age when examining intergroup differences, we employed ANCOVAs in the case of serum tryptophan, tryptophan/CAA1 ratio, and 5-HIAA. Table 1 shows that there were significant differences in serum tryptophan, phenylalanine, leucine, isoleucine, CAA1, and CAA2, as well as a trend toward a significant difference in serum valine between autistic patients and healthy volunteers. Covarying for age did not change the tryptophan results (F ϭ 6.1, df ϭ 1/23, p ϭ .02). The tryptophan/CAA1 ratio, serum tyrosine, and the tyrosine/CAA2 ratio were not significantly different between autistic subjects and normal volunteers. ANCOVA with age as covariate did not disclose significant differences in the tryptophan/CAA1 ratio between the study groups (F ϭ 0.7, df ϭ 1/23, p ϭ .6). Table 2 shows the measurements of the serotonergic markers in the autistic and normal children. The [ 3 H]-paroxetine binding Kd values were significantly higher in the autistic patients than in healthy volunteers. There were no significant differences in [ 3 H]-paroxetine binding Bmax values between autistic patients and healthy volunteers. There were no significant differences in the 5-HT values in whole blood, serum, platelet-rich plasma, and in the 5-HIAA values in 24-hr urine between autistic patients and healthy volunteers. AN-COVA with age as covariate did not disclose significant differences in 24-hour urinary 5-HIAA between both study groups (F ϭ 1.1, df ϭ 1/23, p ϭ .3). There were no significant intercorrelations between the tryptophan data, 5-HT values and [ All results are shown as mean (SD) and in 10 Ϫ6 M/L. All results of ANOVAs (df ϭ 1/24).
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CAA1: sum of tyrosine, phenylalanine, valine, leucine, and isoleucine. CAA2: sum of tryptophan, phenylalanine, valine, leucine, and isoleucine. 
DISCUSSION
The present study showed that the affinity of platelet [ 3 H]-paroxetine binding sites is significantly decreased in post-pubertal, caucasian, autistic male subjects with an I.Q. Ͼ 55. These findings may suggest a disorder in the platelet 5-HT transporter system in autism. A question, however, is whether peripheral findings are relevant for the central serotonergic activity. Blood platelets are able to take up, store, and release 5-HT via mechanisms that are very similar to those of central 5-HT neurons (Sneddon 1973; Stahl 1977) . [ 3 H]-paroxetine binds with high affinity to a specific population of binding sites located on platelets and neuronal membranes associated with 5-HT uptake mechanisms (Mellerup et al. 1983; Habert et al. 1985; Cheetham et al. 1993) .
A previous study showed that the cloned 5-HT transporter on human platelets is identical to the 5-HT transporter in human brain (Lesch et al. 1993) . The findings of Fichtner et al. (1994) , who found a positive response to fluoxetine pharmacotherapy in patients with post-traumatic stress disorder with lower platelet [ (Cook et al. 1997; Klauck et al. 1997) . Concerning those serotonergic genetic factors, there are some discrepancies between Cook et al. (1997) and Klauck et al. (1997) who found an association to the long rather than the short allele of the 5-HT transporter gene in autistic subjects. Clarification of the role of genetic variants of the 5-HT transporter in the etiology of autism is needed by means of further studies with larger study groups.
The above findings may suggest that Autism is accompanied by defects in the peripheral and perhaps central 5-HT transporter system. Weizman et al. (1987) , on the other hand, were unable to find any significant differences in platelet imipramine binding characteristics in autistic patients. The findings that peripheral 5-HT and 5-HIAA values were normal and that there were no significant correlations between those peripheral markers and the [ 3 H]-paroxetine Kd values suggest that the peripheral serotonergic turnover is probably not involved in the changes in the 5-HT transporter system in post-pubertal, caucasian autistic male subjects with an I.Q. Ͼ55.
In the present study, we found significant lower serum concentrations of total tryptophan in the group of autistic children, although the tryptophan/CAA ratio was not significantly lowered in the autistic subjects. Tryptophan circulates in the blood with a minor frac- All results are shown as mean (SD). All results of ANOVAs (df ϭ 1/24). tion free, whereas 70-90% of this amino acid is loosely bound to serum albumin (for review, see Maes et al. 1996) . It is thought that the blood-brain-barrier transport site of tryptophan and its CAA strips off albumin as they pass through the brain capillaries and, consequently, that the availability of tryptophan to the brain depends on serum concentrations of free and total tryptophan, as well as on the concentrations of albumin and the CAA (Pardridge 1979; Yuwiler et al. 1977) . The measurement of free, in addition to, total tryptophan as a measure of the tryptophan availability to the brain would have been more informative. In addition, since the tryptophan/CAA ratio is not decreased, it remains unclear whether the availability of tryptophan to the brain is decreased in autism. The lack of any changes in the tryptophan/CAA ratio in autism is explained by the significant decreases in the sum of CAA in autism, which, in turn, is attributable to lowered serum concentrations of phenylalanine, leucine, isoleucine, and valine. These findings may indicate a more generalized disorder in protein metabolism in autism. To further investigate this possibility, we planned to examine markers of protein metabolism, such as total serum protein, protein electrophoresis, and serum proteins, including albumin and retinol binding protein. In accordance with previous hypotheses, the results of our study suggest that serotonergic mechanisms may play a role in the pathophysiology of autism. As described in the Introduction, evidence that the serotonergic system is involved in the pathophysiology of autism comes from pharmacological studies with SSRIs (McDougle et al. 1996a) , behavioral research, such as results of tryptophan depletion techniques (McDougle et al. 1996b ), molecular biology (Cook and Leventhal 1996; Cook et al. 1997 ) and brain imaging (Chugani et al. 1997 (Chugani et al. , 1999 .
In our study group consisting of post-pubertal, caucasian, autistic, male subjects with an I.Q. Ͼ55, we could not find a hyperserotonemia, which was reported to occur in autism (see Introduction). The smaller number of subjects (n ϭ 13) in our study could have lowered the power to detect any differences in 5-HT between both study groups. For example, we found a 25% elevation in platelet-rich plasma 5-HT but only 8.2% in whole blood in the autistic group as compared with normal controls. Nevertheless, previous studies showed that whole blood 5-HT is not significantly different between post-pubertal, caucasian males with autism and normal controls and that hyperserotonemia may be confined to prepubertal children with autism (McBride et al. 1998) .
Another major finding of this study is that serum tryptophan and 5-HIAA in 24-hour urine are significantly and positively correlated with age in both autistic subjects and normal controls. These findings may indicate that the serotonergic system undergoes significant changes during the lifespan, e.g., from the post-pubertal period to adulthood (Riddle et al. 1986; McBride et al. 1990 ). Recent findings suggest that humans undergo a period of high brain 5-HT synthesis capacity during childhood, and that this developmental process is disrupted in autistic children (Chugani et al. 1999) .
Given the fact that all but one of the autistic subjects belong to the high functioning group, we cannot exclude whether the findings are specific for the entire autistic population or might be confined to the higher 30% of the overall population of autistic subjects. It remains unclear whether (or to what extent) disturbances in the serotonergic system may contribute to the overall phenotype of autism or only to the degree of severity of autism and/or the presence and severity of associated features. Also, from a genetic point of view, recent evidence shows that the disorder is genetically heterogeneous (Szatmari 1999 (Maes et al. 1998 (Maes et al. , 1999 ; and (ii) inhibition of [ 3 H]-dihydroergocryptine binding by antagonists showed that there was a single population of antagonist binding sites with the pharmacological characteristics of ␣2-ARs, whereas inhibition by agonists showed two sites with different affinities (Hoffman et al. 1979) .
Adrenoceptors of the ␣2A subtype are expressed on platelets and presynaptically on noradrenergic neurons (Hieble et al.1995; Limberger et al. 1995) . Since platelet ␣2-ARs have very similar pharmacologic and kinetic properties as those in the brain, platelet ␣2-ARs may be an adequate model for brain ␣2-ARs (Stahl 1985) . Furthermore, the lack of any changes in serum tyrosine, the NE-precursor, and in the urinary excretion of catecholamines suggest that there are no marked abnormalities in baseline catecholaminergic turnover in post-pubertal, caucasian autistic male patients with an I.Q. Ͼ55. As reviewed in the Introduction, contradictory results were obtained on the catecholaminergic turnover in autism (Launay et al. 1987; Martineau et al. 1992; Minderaa et al. 1994; Young et al.1978 Young et al. , 1981 Barthelemy et al. 1988; Gillberg and Svennerholm 1987) .
As described above, there were many inconsistent or inconclusive data concerning peripheral markers of monoamine metabolism in the autistic disorder. This is often due to differences in the characteristics of the study groups, e.g., with respect to age, sex, race, I.Q., and pubertal status, or differences in the methods used to measure the variables. In the present study, we have controlled for or otherwise may dismiss the intervening effects of variables such as age (all subjects were between 12 and 18 years old), sex (all males), race (all Caucasians), I.Q. (no mental retardation), drug state of the patients (all subjects were drug free), dietary factors (all were on a VMA low diet), seasonal rhythms (all samples were collected in the same week), or autistic symptomatology (all patients were without aggressive, impulsive or hyperkinetic behaviours). Moreover, we minimized the analytical variability in the biological variables since all assays were run at the same time using the same chemicals. Limitations of the present study, however, are the smaller number of autistic subjects and controls (n ϭ 13) and the lack of inclusion of autistic patients with specific psychopathological dimensions, e.g., aggressive and obsessive behaviors. Another possible limitation is that we did not use a structured interview to make the diagnosis of autism, although our diagnosis was based on a consensus between several clinicians. Future research should focus on: (i) further genetic studies of the 5-HT transporter in autistic subjects and their parents; (ii) brain imaging studies evaluating the central serotonergic system; and (iii) functional tests of the central serotonergic function by performing neuroendocrine challenge tests with specific serotonergic agonists stimulating 5-HT1A, 5-HT2A, 5-HT2C, or other 5-HT receptors.
